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I. Introduction. 
The resistance which a fluid offers to a body moving 
through it increases with the speed, and hence a body fall-
ing freely through a fluid attains a limiting velocity 
called the terminal velocity of fall, when the resistances 
to motion become equal to the body's resultant lfeight. 
Stokes 1. obtained the expression 6'1Tp.aV for the resist-
ance experienced by a spherical body, when all other re-
sist ances are negli ible compared to that due to the vis-
cosity of the fluid, and 1rhen no slipping is supposed to 
occur at the surface of separation. In this expression, ~ 
is the coefficient of viscosity of the :fluid, a the radius 
of the sphere, and r its velocity through the fluid. The 
terminal velocity of a :freely :falling sphere, obtained by 
putting the above value of the resistance equal to the re-
sultant weight or the sphere, is 
V _ £:. t "-~(u-& 
- 9 fL ' 
Gbeing the density of the sphere, and ~that of the fluid · 
The exclusion of all but viscous resistance restricts the 
~G . G. Stokes, iathematical and Physical Papers, Vol. III., 
P• 9. 
-• 
applicability of the formula to very minute spheres, the 
condition to be fulfilled being that the radius of the 
µ. 
sphere must be small compared to Vf . 
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Experimental work at atmospheric pressure by Professor 
John Zeleny and the author~ has shown this formula to hold 
for spheres of wax ranging in radius from . 002 cm. to 
. 00035 cm., spheres of paraffin, from .002 cm. to .ooo cm., 
and spheres of mercury, 'from .001 cm. to .00016 cm., al-
though the measurements on the last named are 1 ss accur-
ate than for the other materials, o ing to the hi h re-
f! ctin po er of their surfaces. 
In earlier experiments~ using natural spores as ap-
proximating small spheres, lar~e deviations from th for-
mula giv n by Stokes were observed, all the spores oing 
too slo ly to agree ith the formula. It was sug csted y 
Sir Joseph Larmor at the Vinnip g Meeting of the ritish 
Association for the Advancement of Sci nee, Sept ber,1 9, 
~ Phys. Rev., Vol. xxx., p. 53 • Ptiys. Z itscbr., Rd . 11, 
s. 78. 
Ibid • 
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that experiments at lower pressures would serve to decide 
whether or not the se deviations were due to the formation 
of eddies in the air near the not perfectly spherical 
spores. The force required to maintain these eddies 
would decrease with the density of the gas, whereas the 
purely viscous resistance should remain constant, since ~ 
is independent of pressure, at least throughout a very 
great range~ If the large deviations observed with 
spores were due to this cause, the terminal velocity of 
fall at a lower pressure should be larger than at atmo~ 
spheric pressure, and should tend to agree more nearly 
ith that given by the formula of Stokes. 
Preliminary experiments using spores at low pressures 
showed, indeed, an increase in terminal velocity, but one 
of far too great an amount to be due to the suspected 
cause, since the velocity became at low pressures several 
times as great as that calculated by the formula. The 
reason for this unexpected increase in terminal velocity 
~Weinstein, Thermodynamik u. Kinetik der K~rper, d. I., 
s. 325. 
lo pr ur c c r u n c n r n r 
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must, at the beginning of that time lie within a crlindri -
cal volume of base dw and of height (U+V.cosB - u)St , with 
the restriction that the relative velocity (U+~ cos9-u) 
must be positive . 
The impulse imparted to the particle by th impact of 
one molecule is 
normal to the surface dw. The impulse in the direction of 
I ,,_ cos 8. The probable impulse per particle per 
unit time in the direction of 0 is t i inte ral of' th 
mpulse per impact in the direction of 0 , multiplied b 
the probabiliti s of velocities ithin the limits 
(du,dv,d ) about (u,v, ) , and (d ,d ,d ) about ( , ,r), 
multiplied by the numb r of molecules in th c lindrical 
volume (U~V. cosB -u)dw, that is 
PJJJJ/J-,{_Ae_,,..(<4';y;...,.'l.L~ t/r.1.J{!e lx{v.~,,;.-;rr.1r.1~[I.,utd}[v .. v. C•S e -.J ".., 
the limits f'or v, , , , B, and ~ bein unr strict , but 
thos for u·and U in condition d by th qua ti on 
U .,. V. cos B - ~ f:_ 0. 
Substituting th valu s of I~ and dw, nd in a.ti 
with resp ct to v, , , , and~ , e t 
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The mean force per particle required to maintain the 
velocity V0 is, then, 
F} /IA • ff:_ z_ (;(K+,,.) 
1 - 7 · J3.,,,_a.. l.~(Jlf+.,.._). i"V,:ff3~"N'- 7 
or , ne gl e cting m with respect to ,f , 
p = S' <t. ~'h y)~ . 
:i. J "f T 
In this expression V. is t he difference between the mean 
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velocity of the particle s and the mass velocity of the gas 
at their surfaces. In the derivation of Stokes 's formula 
it i s assumed that there is no slip at the surface of the 
par t icle , so that the mass velocity of the gas is the same 
as that of the particle, and the expres s ion above becomes 
equal to zero. Assuming instead that the mass velocity of 
t he gas at the surface of the particle is k 1 V, he:e k 1 is 
a factor less than unity, and V is the velocity of the 
particle referred to a fixed system of coordinates, 
V0 - V-k1 V, and since the :force required to maintain a vel-
ocity k 1 V of a spherical layer of gas of radius a is, by 
the ordinary theory equal to 6'11",_..ak1 V, \Vhere p-- is the coef-
9 
ficient of viscosity, the force required to maintain the 
velocity V of the particle is the same, or 
Xi = 6 '7T~a ~ V j q~-,, (r ft; rJr7 
where c is the mean velocity of· the gas molecule, 1 is the 
mean free path, and f is the density , we get 
~ = [J 1- :!J-L 
-1 A: (,, 'lTµ 4. v [1 .f /..f' il 
In case gravity is the only force acting, the effect-
ive weight of the particle is f -tr a.J ( 6-;v) 
where u is the density of the particle. Equating this to 
S/J eans, Dynamical Theory of Gases, p. 250. One of the sub-
stitutions was made incorrectly in a note published in the 
Physical Revie'v, Vol. XXXII., p. 341, arch, 1911, so that 
the numerical value of the constant multiplier of£ is ' 
there given wrongly. This mistake was pointed out by Prof. 
n. A. Millikan, who kindly read a part of the analysis 
here given. The same .mistake appears in Jeans work cited 
above. 
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X1 , and solving for V, we get the limiting velocity of 
steady fall 
v = z.~{u £) r;f /J z; 
'1!'<- L' a. ' 
which exceeds that given by the ordinary formula by an a-
mount inversely proportional to the density of the gas. 
Suppose, on the other hand, that the impacts or the 
molecules on the particle arc not elastic collisions, but 
that each molecule enters the surface layer of the parti-
cle ( whether the solid material or a layer of condensed 
gas is for the present purpose innnaterial ), and emerges 
again rrom the srune area dw on which it impinged, but 
with a velocity independent, in direction and amount, or 
the relative velocity of the particle and molecule bef'ore 
collision. 
Taking the same system of rectangular coordinates as 
bef'ore, the component velocities of dw are (U+ oCose, V, 
W+Vosine ); the component velocities of the molecule just 
before impact are (u,v,w), and just after emergence are 
(-u+U+V0 cose, v+V, w+W+V0 sinG ). The sign of u has been 
changed to represent the fact that the molecule, hich ap-
proached dw when its velocity was u, nmv reced s :rrom that 
' 
• 
11 
surface. The component velocities (u,v,w) in the last ex-
pressions given above are not necessarily the same as 
(u,v,w) for that particular molecule before impact; but, 
considering the whole number of impacts, a colliding mole-
cule can always be found which had these component veloc-
ities when it impinged on ck.i. This rests on the assumption 
that (u,v, ) on emergence follow the same law of distribu-
tion as (u,v,w) at impact. 
The changes in velocity of' the molecule along the 
three axes due to penetration and emergence, or so-called 
inelastic impact are 
(-u+U+Vo cose )-u, (v+V)-v, (w+W+ To sinB)-w, 
or (U+~ cos6-2u), v, (W~V0 sin6). 
The impulses imparted to the molecule in these three 
directions are z~J , 
The impulse in the direction of is 
2 
Th· r la s t.h x1n· .·sion 
in the }lr eccl· anal ·sis, ti oth r t rr.! inrr th 
as for . The ·nt ~r 1 ·pr ~.::;in h m n v lue of tlc 
f orc r uirca. to aintain t1 v locity of a s·n le p rt-
icl is F. -t. 
- IJJ!JJ,. 'Ae (.., .. ~r',..-; .. ~r.IJ{i f. ,V.v; ;lfh'A ... l' ,,, r-thr; .. ll ti• I;. I Alu 
, ... 
In c r tin ith r p ct o v, , , an , 
f' 
• 
"ot:iu tll 0 
a th t 
C;;.·jABJ!f !] ,, . ",,/ 4 .t ... "l/. 
th 1 · n tlli · .. t • 
}fl 
ff ([. .. 'fl/" 
a' ... " u[it1: .. : .,... ',/A 
" r:;J N- ... 1~ .. ,/1 . 
,,tr. If ((~ .... 
.I 
Con d r·n t1 n 1 u r 
t· co n lu of . c I I 
s or tl n 
./.J.,, (/ -J..t 
T/I .. -~- ( }tll" 
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J 1. rr 
J f.<" .... ·,,;r..r , 
Substitutinr; , 
0 • 1r r,,,-.;rj' _ 0 • 
J 7<. d t.f..'ff;....,JL • J 4""·1 I(-
.. }'_°' 
"/ J."' • 
This ives, using the same notation as in th elastic case 
7 
V1 +-lzt .1 
'l.J ' 
If' it be assumed that a f'raction f of the molecular 
~1pacts on the surface of the particle are ela tic colli-
sions, and the remainin f'raction (1-f) are inclast c, in 
the sense explained above, the mean impulse per s cond per 
particle due to the first kind is rr.: ' and that due to the 
second kind is (1-f )F • Their sllltl is 
J!.. 1 • fr/· ~ 112:;' • I I+ r 1-1; f '-': J/ , I ' 
From this /(. [.! -1- .f.5 ;_ (., ~ !) .! 
and l. C'~ u. f') J 4 f/h .L + ,, .. 
lfhich formula mi bt be uc; d :for the d termination of f, 
14 
when all the other terms in it are known. Cunningham r,ets 
Suppression of the component velocities (U,V,W) of the 
particle has no effect on the result obtained, and simpli-, 
fies the analysis. In either case the volume throughout 
.which the integration is to be effected becomes 
(V0 cosB-u)dw. 
In the elastic case the inpulse per impact in the direction 
of V0 becomes 
In the inelastic case the impulse per impact in the di-
rection of Y., becomes 
J;, - ;$. ~ ( Cm-• tl 2·•u= t1 ~ Y." .s;~< • tY) , 
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as before. 
Another assumption leading to integrable equations can 
be made regarding the impacts, and may be considered as a 
li:oiting case. Let us assume that after striking the sur-
race of a particle a r.olecule is only able to leave it a-
gain when moving in the direction of the normal to the sur-
f ace. In order to kee the averaBe translatory energy of 
the molecules unaltered le must make the absolute norr.ial 
1 r;:; • t d f . ve ocity after impact equal to -ut ins ea o -u, as in 
the preceding cases. We then have as before the co ponent 
velocities of dw, 
(U~~cose), V, (W+V sinB), 
and the component velocities of the molecule just before 
impact (u,v,w). 
r ut just arter impact the component velocities become 
...... 
(-u{3+u+ v. cos8), V, ( l/+ v. sin8 ) • 
The changes in velocity or the molecule are, thererore, 
(-u1S4 U+V. cos9 )-u, V-v,0V4V. sin8)-w, 
or [u+V0 cosB -u(1+{3~ , CV-vj , [w+v. sin&-w , 
and the impulses imparted to the molecule in these three 
directions are 
I..._=:.: {lit- V.c~&- .. ( +y:;-!f 
Ir ~";JV-v} , 
L- %,:/w11:s-IJ w-] . 
The impulse in the direction or T is 
!,, . .T., ~11 + /,.,.. s.:... & . 
Substit uting, J.-.,/,.':../1"~1·f . ..q'J >c.(•rl"rl'JV~hT-;s.·-·~ ..,...,,;..11} 
};;: /v .. s1 .. 11s...t1 .. r. . ..,.,,,,, ,q-IJ- ......... 1. 
The mean rorce required to maintain the velocity or the 
Integrating lvith respect to v,V, and ~ . 
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The results of the preceding analyse may be smmnar-
ized as :rollo s. 
The velocity of fall of a small sphere in a as is 
given by the equation 
v v (1+.A1), 
s "-
wherein V5 is the velocity given by Stok s s formula. If 
the molecular impacts on the surface of the sphere arc all 
elastic collisions A=l.5 • If they are all in lastic col-
18 
lisions A=l.2 • If a fraction f are or the former, and 
the rest of the latter type A = 1. 5 ( / ,f ) • If all the im-
pinging molecules emerge normally to the surface A 1 . 05 • 
Since the mean free path 1 of the gas molecule is in-
versely proportional to the pressure p of the gas, an al-
ternative formula 
v = v (1+ :B ) 
s °'r 
can be used. Calculating the value of 1 from the viscos-
it 0 ( -'f ) " t. y of air at 20 C., r- = 1833 >(10 , and c • 463x: 10 at 
the sare temperature, we get lThen p is expressed in nnn. 
of mercury, for A 1.0 B 
1.05 
1.2 
1.5 
.0075 
.0078 
.0090 
.0112 
The terminal velocity of fall of small spheres should 
thus increase enormously at very lo pressures, an 3 • 
should then become proportional to the radius of the 
sphere, and not to the square of the radius as at higher 
pressures . In :f'igures 1 and 2 are plotted as abscissa 
the reciprocal of the computed velocity, that is, the t:i.rle 
"'} n. A. :Millikan, Phil • !ag. , VI • , 10, P• 21., Feb., 1910. 
H -1 e gives ~=1 63K10 at 2s·c. 
10 
•a> I 
~1JJ_ 
• • /0 
" 
Figure 1. 
Figur 
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required to fall one centimeter at this velocity, and as 
ordinate the pressure in mm. of mercury. The temperature 
assumed is 20°C., and the value of the constant chosen is 
A ~ 1.0 . Six curves are drawn in figure 1 for diff ercnt 
values of the radius, the value for each curve being given 
in cm i<lO-'f in the upper margin. Figure 2 ShO\fS on a much 
larger scale the part near the origin omitted from figure 
1. The close approach to a linear variation of time of 
fall with pressure should here be noted. It is found upon 
computation that the criterion for stea y motion given in 
the second paragraph of the introduction is fulfilled by 
all the sizes shown at all the pressures , except for the 
curve for radius .004 at more than 300 nnn, pressure. 
The assumption is made that f-A.. has the same value at all 
pressures. This is required by the kinetic theory of ases 
and it seers likely that the values of t-A- obtained experi-
mentally at lo pressures are lower than at atmospheric 
pressure only because slip is neglected. For this reason 
the pressure at which f'A.. shm s a marked decrease depends 
on the method used in deterr.iining it, and upon the dioen-
sions of the apparatus employed · 
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III. Experiments. 
1. Preparation of Material • 
• Iinute spheres of wax were made from molten lmx by an 
atonizer 7, and were collected by alloling the cloud of 
spheres so formed to settle on sheets of paper in a closed 
space about 40~40x60 cm. The range of sizes obtained 
could be varie~ within certain limits by regulatin the 
size and position of the openings of the atomizer, and by 
varying the temperature of the wax. All the sizes used in 
the experiments lere produced simultaneously. 
2. Measurements. 
In order to find the value or n in the :formula 
2 a..)- { ()- f') (1 f 15) 
7'f'- I ) 
tle values of 6 , the density o:f a sphere, a, its radius, 
V, its terminal velocity or fall, and p, the pressure in 
IIllr. of mercury, were determined for over :five hundred 
spheres of wax . 
3. Density. 
The density, 6, of the ax as 1.058, as previously 
determined :for a large piece. 
)The Sur.Jc method was us d in the earli r ork cited. 
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4.. Terminal Velocity or Fall. 
The method of getting the terminal velocity of fall, 
V, was the same as that used in the previous experiments, 
and consisted in measuring the total time required to 'fall 
a known distance or about 31 cm. 
Re~erring to :f'igure 3: drawing I is a vertical section 
through the apparatus; II is a plan of the same ith the 
cover removed; III is a horizontal section through the 
tube in which the spheres :fell; IV is an enlarged vie of 
the lower left hand corner of I; V and VI are details of 
parts not completely shown elsewhere; VII and VIII are 
plans and sections of the t'ro mcchanis s used for releas-
ing spheres. The lettering o:f corresponding parts is the 
same in the f'irst six drawings . 
In releasing spheres by the method sho n in dralving 
VII, a quantity of them several mm 3 • in volume 'as placed 
in the cloth-bottomed trough E, which slip1ed tightly into 
a slot in the f'rame G. A solenoid A dre in the so:ft-iron 
armature B, and by it moved the sliding plate C across the 
short open tube H, soldered to the bottom o:f the :f'all box 
just under E. The sliding plate carried a flexible pointed 
!ll/'"" J 
I " 
J ' 0 
Figure 3 . 
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spring D projecting above a small hole in its center. The 
motion of C was stopped by a peg, not shown, when D reached 
the middle of the bottom of the trough E, against which it 
scratched lightly. The vihration produced y this scratch 
s if'ted some spheres through the cloth, and they then :fell 
through t he small hole in c, through H, and into the fall 
tube, F. 
In the method shown in drawing VIII the sph res were 
left on the paper used in collecting them. A piec of 
this was put at F, with the sphere-coated side underneath, 
just over a small hole in the :frame G, which fit tightly 
in the tube II. The solenoid A, by means of the armature 
n drew a brass block C :fron beneath a long metal strip D, 
thich sprung downward, rapping the point Ea ainst the up-
per surface of the paper just over the hole in G. The 
blow was not sufficient to puncture the paper, ut it set 
some of' tho spheres free, and they then fell throu h H into 
the f'all tube. 
In tlle fall tube r the sph res, released by either of 
the methods described, fell through the inrer ost of four 
concentric brass tubes, designed to prev nt air currents. 
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The outer tubes were pierced at one point, as shmm in 
drawing III, to facilitate changes of presoure in the 
spaces between the wooden rings placed near the ends. The 
three inner tubes were entirely supported by these rings, 
and were not in contact with any other metal parts. The 
apparatus was used in a room dth double 'alls and no win-
dows, which provided an excellently steady temperature. 
The outer tube was soldered at the top to the fall box 
A, and at the bottom to braces D,D , and to the brass plate 
E . This plate las supported on three leveling screws J, 
draling IV, one of which rested in a socket, fixing the 
relative angular position of the fall tube and the outer 
case L. The plate as pierced by t o holes, one a narro 
radial slot just under the fall tube, and the other a in-
dmv, 180 .. from the slot, for viel ing the spheres after 
they had fallen. A plate H, dra ing VI, "'imilar to E, but 
ithout any fall tube, \as substituted for it hen measur-
ing the spheres. This provid d more roo for the easur-
ing microscope. 
The surface for receiving the spheres as that of a 
plate glass disc K, ceaented to a circul r brass plat , 
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and rotating close under the plate F on a pivot in the 
bearing N. On a diameter of the plate r was irnhedded a 
soft-iron armature O with thickened ends. The poles of 
this armature were directly over the poles of an electro-
magnet P carried on a wooden wheel Q, which was rotated 
about N by a chronograph motor through a belt 7. The cur-
rent for P was supplied through wires s,s, dipping in cir-
cular troughs of mercury in the ebonitc block T. Dy this 
device the bearing for the plate K was nowhere exposed to 
atmospheric pressure, and requir cl no packing. 
At the instant of releasing the spheres th he 1 Q 
was set in steady rotation by putting it in gear itb the 
chronograph motor, and as the spheres arrived successively 
at the bottom of the fall tube, thev ere received at dif-
ferent angular positions on th surfac of the plate ~. A 
chrono~raph pen conn cted in series with a seconds pendu-
lum, rested on a paper strip R attached to , and marked 
each second as the \heel rotated. This timer core is 
shmm in plan just to the ri ht of T, an in drm ing II, 
for a different speed of rotation. After completin the 
experirrent and stop ing th rotation of Q, an index V, 
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which fi t over the edge of the case J;, was placed xactly 
180° from the place the pen had ceased to mark. \'hen this 
i ndex pointed to any mark on the pen record, as O wa~ ro-
t ated , the spheres which had :fallen on I\ just as that marlc 
was being made would be 180° :from the hottorn or the f'all 
tube ; that is, th y would be in a position to b seen 
through the window at F. By counting seconds f'rorn the b -
ginning of the pen record to the index, the lapsed time 
of fall was given directly. 
This is a longer tiwe than that which \VOUld be required 
if the sphere had started to fall ith its terminal v loc-
ity, instead of starting :from r st . The correction to e 
applied :for this reason can be der·ved as follows. 
The di:ff' rential equation of the variable velocity v 
is 
,,,(,.,,.- -/_ 
d.t + ;r-v--ti 
where ,4 f_µ... 
,2a. ._ (<1- J"){ I+ p 
solution for a motion startin fro r st, v o, The 
when t =O, is 
7 (t -Id:) 
-v- ~ A -e . 
Let T be the o s.erv d time of fall . Then the v locity 
finally attained in the apparatus is 
v = f (1-l!_f7') . 
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The exponential term is negligible compared to unity. To 
show this take as a case giving it the largest possible 
value :for the experiments actually per:formed, a sphere of 
radius a = .003 cm. at a pressure of .n nnn. of mercury, for 
which T = .3 sec. Using a value of B determined later 
-k'I' 
e = .00004 • 
Therefore we can put 
I .1. 
v - k - v ' 
the terminal velocity to be found. If s is the len th of 
the :fall, the time required to fall uniformly throucrb this 
distance at the velocity V ould have been 
T ', 
from which 
Also, by integrating the variable velocity v throu bout 
the time or fall, T, 
S • 1:~f -! (r- .1-/-.tJ ; 
-k'I' i a ain disregarding the term c n 
s ~ f(T-f) ; 
equating the two values for s gives 
comparaison ith unity, 
, 
I 
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T' - r - .1... k 
Putting for k its value 
T'= T - 7;,, · 
To a first approximation 
I 5 
T"' T - 1-r 
·that is, the correction to be applied to the observed 
times of fall to give the times of fall at the terminal vel-
ocity depends only on the length of the fall and· the time 
of fall. The following table gives the corrections to the 
observed time of fall in the apparatus used. 
Observed time. 
Seconds. 
.50 
1.00 
2.00 
3.00 
6.oo 
7 . 00 
Correction. 
Seconds. 
-.06 
-.03 
-.02 
-.01 
-.01 
-.oo 
These corrections have been applied to all times of fall 
less than seven seconds . 
5. Radius of Spheres . 
The radius, a, of each sphere as determined by meas-
urin~ its diameter from t o to eight times, th majorit 
of the spheres being measured six tioes. An improved 
30 
microscope plate micrometer' was used except in experi-
ments II., 1, 2, and 3, and for 14 spheres in other experi-
ments, too large to be measured by the plate micrometer. 
These excepted spheres were measured by an ocular micro-
meter, by Zeiss . The microscope field was illuminated by 
diffused light reflected from the mirror Y (drawin IV, fi -
ure 3 ) through the lfindow X and disc K. Test meas rernents 
using different rnagl].ifying pmvers gave concordant results 
for all the sizes used, and it appears that the measurements 
of radii, even for the smallest spheres, are not affected 
by constant errors due to diffraction, of an amount exce d-
ing a small fraction of a wave length of light. Some dif-
ficulty in the measurement of the smaller spheres as 
experienced on account of tremors of the pier on hicl1 the 
apparatus stood . The trouble was eliminated by measurin 
diameters after midnight, when heavy traffic on the streets 
had ceased. The method of maldng exterior contact of the 
cross-hair and the circular ima"e of a sphere las found 
the most convenient for rapid measurement . A correction 
SJ John Zeleny and L . w. McKeehan, Phys . Rev., 'ol • • ·rr., 
p . 30. 
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:for the width o:f the cross-hair had, therefore, to be ap-
plied to all diameters measured. The amount of this cor-
rection was determined by using other forms of contact for 
compar ison, '\Vi th other objects than spheres. 
6. Pressure. 
The pressure inside the case L, which was of brass a-
bout 5 mm. thick, was reduced by a water pump for inter-
mediate, and by a Gaede mercury pmrp for lo'\ er, pressures. 
The pumps were attached at u, figure 3. The win o X, fig-
ure 3, drawing IV, was of plate glass set in paraffin, 
making a permanently air-tight joint. The cover of the 
case L was ground to fit against the lo er part, and a 
thin coating of vacutun ax bet een the surfaces ave an 
excellent joint. A platinum wire for the electrical con-
nection to the solenoid in the :fall box as sealed throu h 
the glass tubing outside the case, the return circuit be-
ing through the metal parts of the apparatus, and its 
supports w,w. 
Pressure readings were taken by means of a cathetorne er 
on a closed-arm mercury manometer, and, hen the pressure 
was low enough, on a fcLeod gauge lith a small ractor. 
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Glass stopcocks served to isolate t e apparatus from the 
pumps. 
7. Method of Conducting an Experiment. 
The follmving operations were necessary in preparintr 
the apparatus for an experiment. The chronograph driving 
belt was put in place and the speed of rotation of the 
plate K, or wheel Q, was adjusted to a value depending on 
the pressure to be used. A complete rotation of Q occupied 
fron• 20 to 1200 seconds. The mercury cups T and the wheel 
Q \Vere removed from N and replaced after a paper disc R 
had been fastened to Q. The index V and shield plate II 
were taken out and the glass plate K as iped free from 
spheres. The armature O was brought into position over 
the magnet p by sending a current throu h the latter. The 
fall tube B, plate E, and fall box A, ere put -in place. 
The lrheel Q was turned through a small angle and the plate 
K was watched through the ~indow F to see that it mo cd 
:freely. The window \ms then covered by a metal plate and 
the current through p was interrupted. The double con-
nector for the solenoid circuit was put in place, and the 
fall box was arranged as in dra1in VII or VIII for re-
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leasing spheres. The mechanism was tested by sending a 
current through the solenoid. This operation also sup-
plied a check on the time record, for, since the plate K 
was at rest, the spheres lVhich :fell at this time should 
be at zero on the time record. The fall box was again ar-
ranged as before and the cover put in place. A dish con-
taining P,. Os was placed inside the apparatus and tlle cover 
put in place. The drying agent was considered necessary, 
although experiments at atmospheric pressure sho ed the 
di:fference in viscosity due to a small amount of ater 
vapor was not appreciable. At low pressures the same a-
mount o:f vapor, :forming a larger :fraction of the bole gas, 
might change the viscosity considerably, since its viscos-
ity is much lower than that o:f air. The pen as adjusted 
so that it vould mark on the paper disc R. 
The :following operations ere necessary in performin 
the experiment. They ere never begun until the apparatus 
had been le:ft to itself' :for at least three hours to allo 
it to come to a steady temperature. The pen ulum as set 
s inging, ancl the pen 'as insp cted to see that ink ould 
flo freely. The chronograph motor ·as brought up to a 
•--- ----'--------------
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constant speed. The circuit through the magnet P, and 
that including the pen and pendulum were closed, and by 
throwing a single lever the s olenoid c~rcuit was closed, 
releasing the spheres, and the wheel q las put in ear 
with the chronograph, commencing to rotate at a uniform 
speed. When i.t had turned through nearly 360° the motor 
, 
and tiITe recording circuits were broken, and when the 
wheel Q had come to rest the end position of the pen was 
marked, and the pen lifted from the paper. The pressure 
was measured, and then air lrns slowly admitted until at-
rnospheric pressure as reached. 
The apparatus was prepared :for :finding and measurin 
the spheres by reMoving the cover, the drying material, 
the fall tube, fall hox, and plate E, and putting in the 
shield plate H. The index V and mirror Y lcre placed as 
already explained, and the hclt ns taken off the chrono-
raph to per it rotation of Q y hanc.l. The rne~surjn n-
1 icros co_e was placed in ui cs hicJ ermitted it to move 
only along a radius of the plate 180° :from that passing 
under the :fall tube. The distance from the center of the 
plate was controlled by a slo motion sere • ith the 
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l'licroscope focussed on the surface of { the wheel Q and 
plate K were very slowly turned by hand throu h suitable 
gearing, and the spheres were measured as found, each be-
ing placed near the center of the field before measuring. 
The current for P was interrupted during measurement, to 
prevent creeping of the plate r. After surveying the 
whole of one strip or zone the rnicrosco1ie was moved radial-
ly the width of the field, and tile process ms repeated 
until enough spheres had been measured to sho1 the variation 
of time of fall with radius. The radii for an experiment 
were not computed from the plate micrometer readings until 
all had been measured . The total number of spheres that 
fell to the plate ;as less than three hundred, so that no 
retarding effect on the velocity due to mutal action 
occurred . 
IV. Results of Experiments . 
In the ta les and curves, I to • I are given the re-
sults of the experiments, arranged in order of decreasing 
pressure. The quantities tabulated and plotted are the 
radii in 10 'f en • , and the reciprocals or the terminal vel-
ocities, that is, the t~ cs in seconds required to fall 
r 
3G 
one cm. at this velocity. On the curves th radii arc 
ordinates, and the times, a scissa • A small circ is 
drmvn for each sphere measured. 
The method of relense sho n in dra ing III, figure , 
a s found the most satisfactory of about seven thods, 
probably because the paper used closed th top of the fal 
tube throu out the experiment, and so no air curr nts s t 
up by the movement of parts of the echanism in tb fall 
box could disturb the air in the tube. Lar ph r did 
not, ho ever, adl1 re to the pap r, and o er not obtain d 
by this thod. The results obtain d at at o pb r c pr s-
ur us in this ethod ar v n n t l n cur I 
th t 
c pt" thc phcr f'or h ch a xc .o 13 , r 0 t i 
by the m tho sho in dr in VII f i ur :l • Th r SU 
at atmosph ric pr ~ ur u n o h r tho h n 11 on 
ho n in dra in re contain in t c r II • 
In neitl r of h curv ar an sp r ho bi h f 
in th fir t t cnti th of th ri of co pl t rot t 0 
of the 11 1 h ar cs h r ho r fr ri-
nts h r th ' t Of ro at ion as 
m 11 r on fro ex r t r th r 2 
7 
to .... 0 con Th error n 1m ur nt Im 
J pt hou tlI hol r n 
1 r n of iz l1 d in ll h r n 
from 2 c . to .oo 2 th r 
pr ur , fro c pr sur ( 7 rcu . ) 
d n to . 32 • 0 rcur . Tl tot 1 of r 
th OU z l ur ri fro c. 0 
72 c. 
h u or h n th 0 
r r n , , 
ur r c:). • r -
• 
7 7 , 7 n 
n 
rr n 
n 
in 
·~------------------------------
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value of n, for each pressure used, aml for the follm•in" 
values of the radius:-
.004 
.0035 
.003 
.0025 
.002 
.0017 
.0014 
.0012 
.001 
.0008 
.0006 
.0005 
.0004 
.0003 
.00025 
.0002 
.00018 
.00015 
.00014 
.00013 
.00012 
These values are plotted on curves I, and III to VI as 
small crosses, and it vill be seen th,at the circles reprc-
senting observed spheres agree e 1 ith a line passin 
t rough these crosses. An idea of the great ount of 
variation in time of fall ill be obtained by rcferrin to 
curve I. The black dot near the left of the fi"ure reprc-
sents tl~ time of falling one cm. for a sphere of r ius 
.0001 er • , at a pres ure of .32 , • of . rcur . At atmo-
spheric pressure this sphere ould fall in a time sho n b 
the last cross at the ri ht of the fi re. The value of 
the rm B in the formula varie from . 0 3 for a . 0 c ·, 
°'r 
p - 740 • , t p 19 6 f 0 r • • 0 012 CI:l • , p ,. • 3 2 The 
agreement of' the c.p riments with the fornrula throu h u 
I 
the cntir r ng , is c. c 11 nt. 
v. Spores. 
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Lycopodium spores, hich fell at t ospheric pr s ur 
only about half fast as Stokes's formu a requir 
f oun at lo er pressures to maintain th s ra o of o -
serv d v locities to velociti comput d by th 
hich h ld at all pr ssur s for a:· spher s. Th an 
that th d nsity, hicl is the only a ur d u ntit a -
pe rin in the f o u1 in th fir t , n ry n-
corr ct.. 
measur 
The d nsit 
nts, a • 7 
d t r in 
• i 
of a 
or a 
olil sh 11 
pon a 
urrou c n an 
r 
r f n d vol 
n tll 
c 
or ti 
Th 
den it , n: anin uo i n of h 
spore 
oul 
do 
lon r 
h ve to 
In n 
h 1 r 0 ibl f 
c pr r . t 
nc o hol o or on 
n o r d, t fr th 
i 
o on of 
th r t 
c 
h 
th 
n 
n t r 
d n 1 
i , 
, 
no 
h t n 
r h 
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velocity. Experiments with th other spores used efore 
were not attempted, because the condition of the material 
appeared to have chan ed lith time, and because the much 
smaller velocities to be measured would have ma th 
constancy of temper.ture in the f'all tube less certain. 
VI. Summary and Conclusion. 
The f'orrnula 
v 
in ihich A is a constant, expresses the terminal v Jocity 
of fall of small sol d sphere'"' in air t lrOU hout a ide 
range of radius and pressure. Tb constant ppear n"' n 
this formula is found to have theorct c 1 value depend-
in"' on th a"'stunpt on, consi cnt th th kinet c theor 
of' gasc 
' 
hi ch is made concern n the m c e of i p c of 
the as rnolecul s on the surfac of th phere. 
elastic im1 ct t 1C aluc of' A s . as tun1 n ine st c 
acts and the s e d·s r'bution of co pon nt ocit e 
in the e er in s in the imp ng n ol cul s, h a u 
o:r A i .2 . a s n nelast c rnp c n nor 1 em r -
en cc of all i pin ing molecule t le v lu of is 1. t: . 
' 
by exp r ent, the alue of A s 1.0 . 
l 
Ol 
Fi urc 4 . 
·~--~~~~------------------............. .. 
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The differences in computed velocities produced by us-
ing one or another value of A can be seen by referring to 
figure 4. Three curves are drmm, shmving the variation 
o:f the time requirer1 to fall one cm. ( abscissae ) 'ith 
the variation of' the radius in cmxlff" ( ordinates ) , at 
a pressure of . 32 nnn. of mercury, and at a temperature of' 
20· c . The curve at the le:ft, and the one connected to it 
hy horizontal lines arc drawn for A .. 1. 5 and A - 1. 2 , re-
spectively. The curve at the right is drmrn f'or A 1.0., 
the value corresponding to the assumption of' normal emerrr-
cnce of the impinging gas molecules . Curve XVI, hich 
shows the experi ental results at this pressure a"'rces al-
most exactly with this curve. At atmospher c pressure the 
dif'ferences are not detectable by the method used, for the 
range of sizes obtained. This ill e seen by comparing 
curves I and II. The crosses in II represent times com-
puted by assuming A 0 ( Stokes s f'ormula ), tho n I, 
tir.tes computed by assum·ng A• l .O. The difference 
amounts to 7 per cent in time f'or the smallest sphere 
sho n, beinrr less for all lar er spheres, and the acldit··on-
al Llifference in case A - 1. ~ ould be a out 3 per cent, 
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again :f'or the smallest sphere shown . An error of 1 . 5 per 
cent in the measurement of the radius of such a sphere 
would entirely mask this di:f':f'erence in time of :ra11 . 
The only other experimental test of the :rormula de-
rived by Cunningham is 1d vcn by Professor R. A. Iillikan f , 
lfho :round A =' . 815 • This value is determined :rrom experi-
ments on spheres of' di:f'ferent sizes, but all at one press-
ure, namely, atmospheric. The metho is someuhat indirect, 
since the radii of' the spheres arc computed from the time 
of' fall, and \Vere not actually measured . The material 
used 'ras a liquid, and internal eddies in the drops rnay 
cause a consumption of' energy, and consequently reduce the 
value o:r A. 
The close agreement o:r the exper cnts ith the formu-
la derived :ror the assumption of normal emergence makes it 
probable that a gas molecule impinging on a solid is en-
tangled in the surrace layer of' molecules, and emerges 
again a:f'tcr a number of collisions with these molecules, 
its direction of emergence being generally n arly normal 
to the surf'ace. The experiments do not indicat bet her 
this penetrable layer is composed of' the same kind of mol-
Y sciencc, Vol . ~·11 ., P • 446 . 
eculcs as the rest of the solid, or is a cond nsed lay r 
of the as, but only sho that the distances bet c n the 
molecules in it are small compared to the dist nces in a 
"'as under normal conditions of temperature and prcssur . 
4 
I take r:reat pleasure in thanking Pro:fe or John 
Zeleny for his continuous interest in the pro rec; of the 
wor1~, and for his man valu blc SU"""estion on th 
tion of experimental and theorct "cal dif cultics . 
olu-
Explanation of tables. 
p is t he pressure in mm. of mercury. 
t is the temperature in "C. 
s is the length of fall. 
T....._ is t he maximum time of' fall measurable at the 
speed of rotation used. 
a is the radius of' the sphere. 
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1/V is the time required to f'all one cm. at the ter-
minal velocity of f'all, v. 
Table r. 
p 73G. t 2o:c. 
a 
.002293 
.002170 
.001846 
.001746 
. 0014ll1 
.001382 
.001369 
.00132G 
• 001308 
p 749. t 
. 
18.3 
a 
Experir.ient 1. 
s 30.9 
E.pcriment 2 • 
s 30.96 
1/V 
.192 
.1995 
.2404 
. 297 
.419 
.437 
.48 
. 74 
. f 8 
I 
2.70 
2. 
T...._ 20 
T ,,2 
"' 
Table r . Experiment 2 . ( con .) 
. 000505 2 . 8G 
. 000492 3 . 311 
. 0004GO 3 . 47 
. 000461 3 . 7 
. 000453 3 . 65 
.000449 3 •. 9 
. 000433 II .10 
. 000432 3 . 80 
.000427 .18 
• 000426 3 .96 
. 000417 4 .18 
. 000410 . 0 
. 000407 ,l')l 
. 00039 4 . 86 
~000 85 4,97 
. 000385 5 . 0 
. 000382 5" . ...., 
.o 373 
. 003 8 . . 9 
u . 52 
.88 
0 . 10 
6 . 67 
6 . 3 
G. 72 
• 'i' 
Ex er ent n 
p 7 o. t 9:7 . 30 . 0 
I 
------~~~~------------------------
Table I . 
,oo 473 
. 000413 
. 000378 
. 000370 
. 0003 1 
. 0003. 1 
. 000327 
. 000317 
. 000303 
. 000287 
. 000274 
.o 0273 
. 000238 
. 000238 
.o 021 
. o 0213 
.o 021 
.o 1 2 
.o 0 91 
.oo 2 
ll 
Experiment 'l . ( con . ) 
3 . 31 
4 . 4 
. 52 
6 . 03 
6 . 26 
, 
.,,_ -
0 •. 2 
8 . 7 
. 60 
9 . 63 
11.03 
10 . 8 
13 . 26 
1r:: . 8 
15 . 79 
18 • 
17 . !)6 
20 . 2 
23 . ' 
Table II. Experiment 
p 753. t 19:7 s 30.9 T "'- 217 
a 1/v 
.001536 .325 
.001482 .351 
.001441 .32 
.001440 .358 
.001410 .358 
.001397 .387 
.001365 .410 
.001268 .462 
.001113 .455 
.000825 1.433 
.000707 1.378 
.000676 1.722 
.000649 1.979 
.000644 1.992 
.000632 1.800 
.000552 2.405 
.000465 3.670 
.000462 3.718 
.000441 3.847 
.000430 3.784 
.000417 4.65 
.000323 7.04 
Experiment 2. 
p 73 . t 20·.1 s 30.9 T,._ 230 
a 1/v 
.001423 .390 
.001277 .507 
.001276 .471 
.001166 .494 
.001029 .686 
.000840 1.011 
·'----~~~~------------................. ~ 
Table II. Experiment 5 . ( con.) 
• 000327 6.66 
.000318 9.23 
.000307 8.64 
.000306 7.76 
.000279 10.07 
.000254 14.13 
.000250 14.39 
.000247 13.02 
.000180 20.99 
.000179 22.74 
.000164 24.50 
Experiment 6. 
p 740 . t 20:7 c. s 30.9 T, 191 
a 1/v 
. 001657 .344 
.001623 .370 
.001510 .37 
.001144 .659 
.001127 .637 
.000853 1.017 
.o 0535 2.83 
.o 0396 G.13 
.000352 6.06 
Experiment 7. 
p 740. t 2 ·.7 c. s 31.1 T...._ 197 
a 1/v 
.001473 .3 2 
.001 17 .571 
.001035 .72 
.000789 1.221 
----~~---------------------........... ..... 
Table II. 
0 p 742 . t 19.4 
a 
.001243 
.001185 
.001003 
.000903 
.000874 
.000873 
.000863 
.000807 
.000733 
.000726 
.000710 
. 000709 
.000625 
' • • 
4 
7'. 
.·· .. 
"' . 
•, ll 
Experiment 8 . 
s 31.4 
1/v 
.441 
.460 
.758 
.988 
1.097 
.972 
. 988 
1.198 
1.500 
1 . 429 
1. 06 
1. 47 
1.739 
ll 
II 
T...._ 237 
I 
I 
I 
I 
" 
I 
Table III . Expcrim nt 
.001732 
.001648 
.001623 
.001289 
.001 4 
. 
II •.: 
,, 
. " . 
'o 
. . 
2. ( con.) 
.276 
.300 
.307 
• 09 
6 
Ill 
Table rv . Experiment 1. 
p 33.G4 t 21 . 3 s 30 . 9 T..._ 80 
a 1/v 
. 002479 . 1 37 
.002380 . 1137 
. 001933 . 1884 
.001792 . 2113 
.0011:::45 . 3217 
. 001458 . 3 4 
. 001240 . ~39 
. 000910 . 844 
. o 0898 .900 
. oo 8r.:o 1 . 07 
. 000763 2 
. 000756 
. o 0716 
. o 0639 
. 000488 2 . 29 
xp r ent 2 . 
p 34 . 85 t '> •• 2 30 . 
a 1/ 
Ta le IV. Experim nt 2 . 
• 000908 
.000808 
.000807 
• 000737 
.000635 
. 000634 
.ooo 23 
.ooo 32 
.o 0~1 
.000487 
• 000460 
.000380 
.000331 
.o 0330 
Experiment 3. 
p 33 .30 t 20.5 s 30. 
a 
r n 
p 3 .77 t 2 : 1 30. 
( con.) 
.812 
1.027 
1 . 3 
1.170 
1 . 27 
1.~01 
1.689 
2.0 3 
2. 39 
2.3 . 
2.781 
4. 4 
5.10 
.71 
1/ 
1/ 
l • 
1. 
T 8 
T 
Table IV. Experiment 4 • ( con.) 
• 000515 1.754 
.000460 2.83 
.000458 2.21 
.000439 2.44 
.000428 2.79 
.000419 2.83 
.000408 2.60 
.000395 2.99 
.000344 4.16 
.000299 5.17 
.000296 5.72 
Experiment 
p 33.58 t 20.9 s 30.9 T 20 
a 1/v 
.001749 .268 
.001531 .314 
.001413 .3o0 
.001154 . 38 
.000989 • 48 
IV 
" 
, 
JO * 
II ' 
., 
l 
> • 
. 
/0 .. 
"""'-..·· 
•• ,......... • Iii •••• If 
' 
. • 
t • . . 
, 
' ' 
_30 
p 8 .5f> 
Table v. 
t 2o : r:: 
a 
.00086 
.000444 
.000424 
.000307 
• 000234 
.000102 
.000121 
J 
\ 
•'---
• 
s 30.0G T 177 
1/v 
. 74 
.4 8 
1 . r' "7 
2 . 
3.32 
4.so 
.33 
y 
T 1 
p s .2 t 
I 
b -----------------------------
x• •e 
. ~ 
.. . 
YI 
Table VII. 
p 8.14 t 21°. 5 s 30.96 
T ..... 17 
a 1/v 
.000961 .506 
.000934 .499 
.000812 .60G 
.000733 .710 
.000602 .886 
.o 0571 .953 
.000474 1.271 
.000438 .427 
.000428 1.404 
.000393 1.686 
.000344 1.916 
.000328 2. 98 
.000323 2.1 6 
.000318 2.0 3 
.000318 2.098 
.000315 2.186 
.000294 2.43 
.000287 2. 94 
.000271 2.024 
.000264 2.77 
.000260 2.85 
.000256 2.87 
.00025 3.02 
.o 0253 2.96 
.000232 3. 6 
.000223 3.35 
.000202 3.84 
.000197 4.0 
.000182 .2f 
.000170 .68 
.000167 4 . 
.000162 . 03 
.0001 9 r;.1 
.000157 • 8 
.000151 -.1 
.00014 r: .74 

Table VIII. Experiment 1. 
p 7,70 t 20:9 s 30.n T ,.,_ 184 
a 1/V 
.002090 .1787 
.002038 .1787 
.001375 .276 
.001126 .370 
.001065 .491 
.001059 .445 
.001044 .406 
.000922 .478 
.000916 .500 
.000873 .533 
.000784 .630 
.o 0764 .650 
.000704 .689 
.000701 .712 
.000688 .731 
.000621 .896 
.000555 .965 
.000525 1.104 
.000514 1.072 
.000510 1.1r::3 
.000507 .004 
.000494 1.134 
.000466 1.495 
.000382 1.589 
.000327 1. 4g 
.00031G 1.888 
.000307 2.066 
.000306 2.129 
.000274 2. 56 
• 000257 2 • 0 
.000210 3.17 
.000170 3.12 
Table VIII. Experiment 2. 
p 7.72 t 20·.s s 30. 0 T 20 
a 1/v 
. 001504 .240 
.001195 .338 
.000934 .474 
. 000857 .556 
VIII 
'4. 
JO • 
,. 
·' 
. 
.. 
-
. 
~ . . 
.... 
•• •• tE-# . 
. 
'o 
~ u JO 
JJ 
OJ ID 15 
Table IX. Experiment 1. 
p 3.10 t 20:0 s 30.a T.,... 20 
a 1/v 
.001534 .1588 
.001303 .1946 
.001301 .1751 
.000981 .237 
.00 0917 .270 
.000883 .270 
.000797 .305 
.000753 .304 
.000734 .383 
.000707 .351 
.000671 .390 
Experim nt 2. 
p 3.14 t 20 ·.2 s 30.9 
T..._ 20 
a 1/' 
.002042 .0809 
.o 2027 .0923 
.002007 .0939 
.001966 . 134 
.00 1790 • 11 0 
.001775 .11 8 
.001372 .1556 
.001365 .1540 
.001327 .1703 
.001268 .1832 
.001240 .1914 
.00114 .1 4 
.001106 .2012 
.001038 .210 
.000 930 .2275 
.o 0802 .2616 
.000890 .280 
• 
Table rx . 
• 000709 
. 000699 
.000687 
. 000658 
. OOOG09 
.000565 
. 0005 8 
.000502 
. 000456 
. 000321 
r-
... 
I 
JO 
Ml . 
-
Experiment 2 . ( con. ) 
. 
--
.341 
. 390 
. 419 
.401 
. 418 
. 460 
• 87 
. 4 6 
• r.65 
. 62) 
--
IX 
,.L ·· 
•, OJ O.Z O.J 
Table x. 
p 2 .11 t 21:3 s 30.96 T,... 149 
a 1/v 
.001168 .1167 
.001145 .1264 
.001095 .1783 
.000831 .2076 
.000805 .2205 
.000777 . 2r.9 
.000711 . 2756 
.000500 .341 
.000544 .3 0 
.000516 .376 
.000499 .40 
.ooo 2 .43 
.000423 . 470 
.000400 .525 
.000369 . 87 
.000321 .684 
.000308 .720 
.000209 . 817 
.000261 .904 
.000240 .902 
.00022G 1.099 
.000177 1.439 
.000176 1.446 
.000135 1.702 
.000132 2.082 
--------------------------------------• 
x 
" 
11 
·.· : 
Table xr. Experiment 1. 
p 2.01 t 20:6 s 30.9 
T..._ 20 
a 
1/v 
.002396 .0341 
.002358 .0387 
Experiment 2. 
p 2.01 t 20:5 s 30.9 
T .... 19 
a 
1/v 
.001357 .1208 
.001213 .1622 
.000940 .1888 
.000931 .1969 
.000768 . 2278 
.000764 .2274 
.000670 .2 96 
.000626 .275 
.000624 .304 
.000569 .317 
.000515 .322 
.oo 510 .34 
~1 ·. 
~1 
... 
Ml 
.. 
·1 
.. 
o• 11 
•• OJ 
oz OJ 
., QJ 
Table XII. 
p 1.28 t 20°.7 s 30.0 T ..... 18 
a 1/V 
.092222 .0426 
.001616 .0647 
.001533 .0672 
.001422 .0738 
.001323 .0838 
.001320 .0844 
.001164 .0893 
.001049 .1082 
.001033 .0910 
.000883 .1248 
.000808 • 270 
.000752 .1494 
.000623 .1595 
.000588 .1914 
.000554 .2034 
.000512 .259 
.000408 .280 
.000401 .324 
.000394 .32 
.000391 .287 
.000364 .311 
.000340 .348 
.000304 .340 
.oo 294 .399 
.000293 • 20 
.000281 .302 
.000245 7 
.000233 . , 48 
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Table XIII· 
p .69 t 21:s s 30.96 
T~ 22 
a 1/V 
.OC1380 .0405 
.001361 .0435 
.000964 .0674 
.000793 .0830 
.000678 .1141 
.000632 .0970 
.000589 .1083 
.000507 • 1D6 
.000463 .1 ?72 
.oo 414 .1537 
.000401 .1~95 
.000396 .1 79 
.o 0391 .1628 
.000385 .17 4 
.000349 .1942 
.000319 .2062 
.000309 .22 
.000284 .237 
.000257 . 263 
. 000239 .282 
.000222 .313 
.000207 .3 7 
.0('0204 .343 
.000158 .448 
.000133 .430 
.000125 .477 
.000115 .482 
16 
IZ 
., 
. ~ . 
QI 
p .4.0 
Table XIV • 
• t 21.1 
a 
.000975 
.000791 
.000654 
.000639 
.000595 
.000556 
.000474 
.000429 
.000384 
.000367 
.0003~ 1 
.0003 1 
.000344 
.000323 
.o 0320 
.000305 
.000261 
.000259 
.000256 
.000256 
.000243 
.0002<11 
.000228 
.000221 
.000219 
• 00219 
.000211 
.000200 
.000188 
.00018 6 
.000162 
.000156 
.000139 
.000133 
s 30.96 
1/v 
.0493 
.0551 
.0662 
.0688 
.0759 
.0850 
.0856 
.0921 
.11 7 
.1180 
• 232 
.12 2 
.1274 
.1268 
.1271 
.1378 
.1 79 
.167 
.1680 
.1718 
.1721 
.1932 
.1848 
.205G 
.1987 
.2033 
.227 
.242 
.265 
.2 8 
.280 
.316 
.363 
• 3 r; 
T.,., 16 
XIY 1 
II 
It 
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• . ·. ,,.. 
D 
D at at 
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Table x • 
p . 34 t 21·. 3 s 30.«16 
T_ G 
a 1/V 
, 001f01 . 02 0 
.000898 . 0379 
.000736 .o 12 
. 000684 .04r:4 
.000624 .o 38 
.0005 6 .070 
.ooo 25 .0788 
• 00401 
.o 0386 
.000383 
. 000340 
.000332 
• 00319 
.000271 .1 
.000226 .1987 
.oo 213 .1 22 
.o 0200 .1974 
.o 0173 .2376 
.000119 .306 
x 
. . 
'• ., 
Table xvr. 
}l • 3-Z t 21:3 s 3 . 9G 
T 17 
a 
1/V 
.001163 .03 1 
.000730 .o 79 
.000647 .040 
.ooor:4s .05G4 
.OO u01 .06 8 
.ooo 94 • 668 
• 000468 .07 2 
.o 41G .0788 
• 00381 
.o 37 
.oo 3;--7 
• 
.o 0349 
.o 0347 
. 0003 0 
.oo 327 
.oo 289 
.o 0273 
.oo 2 3 
.000253 
.000244 
.o 242 
.000239 • 
• 000239 
.o 21 
.oo 202 
.o 19 
.o 1 8 
172 
.ooo 3 
.o 142 
.o 127 .266 
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